We developed summaries of oral bottle-feeding skills among preterm (<37 gestational weeks) and full-term (>37 gestational weeks) infants using a mechanical device (Orometer) to measure intraoral pressure changes, with accompanying automated software and analytics. We then compared the rates of change in feeding skills over several weeks (feeding trends) between preterm and full-term infants. We also compared group means at 40 weeks postmenstrual age (PMA). Patients and methods: Healthy full-term and preterm infants capable of oral feeding were recruited from the Pediatric Outpatient Clinic at University of California, San Francisco, Fresno, and from the Oregon Health & Science University Doernbecher Neonatal Critical Care Unit, respectively. Feeding skill was quantified using an Orometer and automated suck-analysis software. Factor analysis reduced the >40 metrics produced by the Orometer system to the following seven factors that accounted for >99% of the sample covariance: suck vigor, endurance, resting, irregularity, frequency, variability, and bursting. We proposed that these factors represent feeding skills and that they served as the dependent variables in linear models estimating trends in feeding skills over time for full-term and preterm infants (maturation). At ~40 weeks PMA, we compared mean feedings skills between infants born preterm and those born full-term using predictions from our models. Results: Feeding skills of 117 full-term infants and 82 preterm infants were first captured at mean PMA of 42.3 and 36.0 weeks, respectively. For some feeding skills, preterm and full-term infants showed different trends over time. At 37-40 weeks PMA, preterm infants took ~15% fewer sucks than infants born full-term (P=0.06) and generally had weaker suck vigor, greater resting, and less endurance than full-term babies. Preterm infants' feeding skills appeared similar to those of full-term infants upon reaching ≥40 weeks PMA, although preterm infants showed greater variability for all factors. Conclusion: The Orometer device, accompanying software, and analytic methods provided a framework for describing trends in oral feeding, thereby allowing us to characterize differences in maturation of feeding between healthy preterm and full-term infants. Keywords: infant feeding, Orometer, neonatal, developmental, feeding problems, sucking patterns, sucking maturation
Introduction
Nearly half a million infants in the United States are born preterm (<37 gestational weeks) per year, 1 and oral feeding represents a critical challenge for these infants and their care providers. Neonatal oral feeding, which is a frequent problem, is implicated in delayed discharge from neonatal intensive care units (NICUs) 2 and in hospital readmissions postdischarge. 3 It is also frequently associated with poor growth and long-term development. 4 Additionally, the inability to coordinate sucking, swallowing, and breathing -the major components of feeding -is a harbinger of nascent neurologic damage and may precede future impairment. 5, 6 While neonatal oral feeding is a major concern across NICUs and outpatient clinics, methods of identifying feeding problems are varied and predominantly subjective, with mixed ability to predict long-term developmental delays. 7 Investigators, including Mizuno and Ueda, 8 Lau et al, 9 Medoff-Cooper et al, 10 and ourselves 11 have shown that objective quantification of infant feeding is possible and may reflect long-term developmental outcomes. A variety of parameters of infant feeding have been described, including quantifying the duration of individual sucks, recovery phase, interval suck burst length, pauses, and the average maximal suck pressures generated during a feeding session. Despite multiple reports of such studies, a review by Tamilia et al 12 found major gaps across methods of measuring newborn feeding. In general, there is a paucity of standardized objective interpretations of data produced by suck quantification and in links between such interpretations and clinical significance.
Recently, Tamilia et al and Capilouto et al 13, 14 demonstrated that a device and an accompanying analytic system are capable of quantifying infant feeding and interpreted the metrics provided by these devices more objectively. Tamilia et al 13 described a pilot study evaluating whether a mechanical device that measures infant feeding and automated analytical software could differentiate between the feeding patterns of four prematurely or low birth weight (LBW) infants (≤2,500 g) and five full-term (≥37 gestational weeks) infants weighing >2,800 g. Investigators found that the two groups differed on several parameters. They found that full-term infants had significantly higher suck pressures than preterm and LBW infants (80 vs 61 mmHg, P<0.001) and full-term infants had less variability per suck and per groups of sucks or bursts (P<0.001). Similarly, Capilouto et al 14 found that, compared with healthy full-term infants (n=14), neonates deemed to be high-risk for developmental delays (n=28) had greater variability in two of the four measures at hospital discharge: length of sucking (coefficient of variation [CV] : 0.38 vs 0.35; P<0.05) and movement during sucking (smoothness) (CV: 0.85 vs 0.65; P<0.05). However, neonates defined as low-risk for developmental delays (n=12) were only significantly different from healthy full-term infants in variability of "smoothness" at testing prior to discharge (mean age of low-risk preterm infants was 35.6 weeks; CV: 0.9 vs 0.65 for low-risk preterm and full-term infants, respectively; P<0.05). Notably, while only the high-risk neonates showed significantly more variability in sucking metrics at discharge than full-term infants, both low-and high-risk neonates were of similar mean gestational ages at discharge: 36.4 (1.4) weeks and 37 (1.6) weeks, respectively. Although this suggests that the metrics may capture feeding that is discordant with age-related clinical expectations, the authors analyzed just four previously defined metrics of sucking. 13 Evidence of quantification of neonatal feeding that limits bias would be enhanced by supporting data from different settings among larger samples, along with detailed descriptions of the analytic processes used.
We previously reported on a novel device (an Orometer; Figure 1 ) and a data analytical system (Suck Editor) that quantified intraoral negative pressure during feeding among healthy full-term infants by using a standard commercially available nipple and bottle. 11 Herein, we describe, using a similar approach, the measurement of infant feeding among 117 healthy infants born at-term (≥37 gestational weeks) and 82 infants born preterm (<37 gestational weeks) tested over several weeks. Our current measurement system is enhanced by automated software to reduce subjectivity 
55
Nutritive sucking among preterm and full-term infants and is designed to quantify the coordination of events of sucking and swallowing using, in part, waveform analysis. Our goal was twofold: 1) to develop clinically meaningful summaries of the waveform data and 2) to compare the rates of change in feeding skills of otherwise healthy preterm infants with those of full-term infants over several weeks (feeding trends).
Materials and methods setting
Full-term infants were recruited and tested at the Children's Health Center at Community Regional Medical Center at the University of California San Francisco Fresno (UCSF Fresno) campus in Fresno, California. Preterm infants were recruited and tested in the Doernbecher Neonatal Critical Care Unit (DNCC) at Oregon Health & Science University (OHSU) in Portland, Oregon. The institutional review boards of the respective universities approved the study.
Participants
As part of a larger study of 401 infants, 199 were selected as: 1) being healthy without significant morbidities and 2) having an Orometer tracing that did not meet technical exclusion. Out of the 199 infants, 117 were full-term and 82 were preterm. From these subjects, a total of 410 tests met the inclusion and exclusion criteria defined below (Figure 2) .
The parent or guardian of eligible infants provided written informed consent, and the study staff tested the infants. Infant and maternal medical histories were recorded, and determination of abnormal medical or abnormal maternal pregnancy history was made at the time of recruitment by clinician-authors McEvoy or Rogers at OHSU and by AbuShamsieh at UCSF Fresno.
inclusion and exclusion criteria
Full-term infants deemed healthy in accordance with the eligibility criteria described above, as well as those currently bottle feeding and with a normal feeding history based on medical records or maternal reports were included. Preterm infants were included if they did not exhibit significant comorbidities and were able to consume 10 mL of fluid by mouth at least three times in 24 hours using the DNCC unit's standard nipple and bottle system. Infants were ≤3 months of age at the initial study visit. We excluded 189 infants from this study owing to medical problems in the infant or mother. Examples of the latter included insulin-dependent diabetes and prenatal illicit drug intake. Significant infant medical complications included grades III-IV intraventricular hemorrhage or other major neurologic complications; multiple congenital abnormalities or known genetic syndromes; current infection; birth defects affecting facial, muscular, and/or the central nervous system; gastrointestinal tract abnormalities such as gastroschisis or omphalocele; or significant respiratory disease such as bronchopulmonary dysplasia.
Test device
This study used the Orometer and automated suck analysis software modified from our previous report. 11 The Orometer consists of three parts: a 2-inch-long flow chamber with a restriction orifice at the inlet; a centrally located pressure sensor, and an anti-backflow valve placed just before the nipple (Figure 1) . A VentAire ® bottle (Playtex Corp., Westport, CT, USA) was the fluid reservoir and the nipples were medium flow Enfamil (Mead Johnson Nutrition, Glenview, IL, USA). As the outlet orifice is larger than the inlet, sucking creates a pressure differential that can be measured by strain gauges mounted inside the pressure sensor. An extremely low-noise, 
Feeding sessions
The tests coincided with an infant's usual feeding schedule (every 2 or 3 hours). Consecutive testing occurred no more than once in 24 hours. Test sessions for full-term infants occurred at the pediatric outpatient clinic. Test sessions for preterm infants took place in the DNCC unit, except for one that was conducted after discharge. Study personnel were registered nurses who used the DNCC feeding readiness guideline, adapted from the InfantDriven Feeding Readiness Scales by Ludwig and Waitzman 15 in which scoring is from 1 to 5, with "1" indicating the most readiness to feed and "5" indicating least readiness. Tests were not performed if the feeding readiness score was >3 (the universal cutoff for feeding attempts in the DNCC), or if potentially stressful events had occurred close to feeding time (ie, heel sticks or eye exams), or if the mother desired to breastfeed.
In both centers, the feeder was the infant's primary caretaker -typically a nurse or parent -while study personnel operated the equipment. The feeder was instructed to feed the infant in a comfortable position using a premeasured amount of fluid (either formula or breast milk). Recording began when the nipple was placed in the infant's mouth and was stopped when the fluid was emptied or the infant was tired, as indicated either by stopping sucking for >1 minute or at the caretaker's discretion in the case of preterm infants in the DNCC unit. Study personnel documented pauses in feeding for burping or apneic events (no respiratory effort for ≥20 seconds). Volume consumed was measured by weighing the bottle before and at the end of the test. A suck was defined as having a deflection of at least 2 Torr (mmHg; Figure 3 ), a number chosen after observation showed that nutritive sucking commences at that threshold of pressure; only 1.2% of all deflection amplitudes are <2 Torr. To compensate for the natural variability in actual sucking commencement, the onset of feeding was defined as the beginning of the first 3-second interval where each second-long block contains at least 2 Torr-s of integrated area ( Figure 3) . The end of feeding activity was defined as the end of the last "activity burst," a block of consecutive 1-second interval containing at least 1 Torr-s of integrated area and separated from other activity bursts by at least 3 seconds of no activity.
statistical analysis
Our goal was to estimate how feeding skills changed over time (feeding trends) for groups of preterm and full-term infants and how preterm infants' change over time compared to the change over time of full-term infants. The progression from quanti- 
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Nutritive sucking among preterm and full-term infants fying individual infant feeding to comparing feeding trends among the two groups of infants required the following steps:
1. exclude questionable and outlier feeding tests (eg, very short feeding sessions, voltage issues with the Orometer, intervals where recording of feeding was disrupted per the tester's notes, etc); 2. reduce the >40 metrics produced by the Orometer to meaningful summaries called factors; 3. estimate feeding trends for preterm and full-term infants using the factors defined in step 2, and then compare those estimated feeding trends between groups of preterm and full-term infants.
Questionable and outlier exclusionsstep (1)
Orometer tests were deemed questionable owing to technical failures affecting the output signal of the device (eg, severe baseline wander, artifact or degraded signals, anomalous spikes) and if the test sessions were <150 seconds in duration. The Orometer output variables are calculated based on the first 300 seconds of feeding session time, so attempting to use tests shorter than 150 seconds would have involved excessive extrapolation. In order to ensure fair comparisons for suck counts and other time-dependent measurements, such as integrated area, tests that lasted between 150 and 300 seconds were inversely weighted for these measures by the fraction of 300 seconds recorded. The average included test was 287 seconds (96% of expected duration); thus, in almost all cases, the weighting was of minimal impact. An outlier was defined as any observation with Mahalanobis distance exceeding the 99.5 chi-squared percentile cutoff. Mahalanobis distance is a way of measuring the separation between a data point and the center of a group of data points with respect to many variables, where the correlations among the variables are taken into account. 16 ,17 Based on real-time feeding session notes and analysis, the failed tests fell into two classes: excessively low-energy sessions, where the infant was sleeping or distracted rather than feeding; and excessively high-energy sessions of short duration, where extrapolation to 300 seconds based on the observed data would dramatically overstate the infant's feeding capacity.
The final sample consisted of 199 infants providing 410 tests.
Reduce the Orometer metrics -step (2)
Many of the >40 metrics produced by the Orometer represent similar components of feeding such as mean suck peak amplitude and median suck peak amplitude, so it was necessary to reduce the complexity of this information by aggregating highly intracorrelated blocks of metrics through factor analysis. 18 Factor analysis also allowed us to describe underlying relationships among the metrics that may not be directly measurable, but may be relevant in identifying abnormal feeding. For example, the vigorousness of a suck (suck vigor; Figure 4 ) is defined not only by peak amplitude but also incorporates the time to get to peak amplitude (slope; faster is more vigorous) and the total pressure maintained over the duration of the suck (area; larger is more vigorous). The measure of feeding "endurance" includes number of bursts (4 seconds separation from suck peak to suck peak), speed of sucks per burst, and duration of bursts. These factors reflect feeding skills and are the dependent variables in our linear modeling of feeding trends for the two infant groups.
We performed a correlated factor analysis 19 of all baseline feeding tests for the 46 healthy full-term infants whose baseline test occurred at postmenstrual age (PMA) <42 weeks. 19 Each infant contributed just one baseline test. The cutoff of 42 weeks was chosen as a compromise between the need for adequate sample sizes and the need to minimize age confounding in the factor scores. The factor analysis reduced the number of variables from >40 to just seven factors ( Table 1) that accounted for >99% of the sample covariance.
To examine whether the above groupings of Orometer metrics (factors) were measuring similar components of infant feeding, we computed Cronbach's α's 20 for each factor based on the baseline tests for all 135 infants with baseline PMA <42 weeks. Most of the alpha scores were well above 0.90 (Table 2) , which shows a high degree of internal consistency, suggesting that the groupings of metrics that make up each factor are likely measuring similar underlying feeding concepts.
Estimate and compare feeding trendsstep (3)
To estimate feeding trends over time (maturation), we used observations of infant feeding from multiple time points and compared the group-level rates of change over time (or slopes) between preterm and full-term infants. We modeled change in average feeding skills over time within each group as a linear trend. To account for multiple measurements on the same infant over time-variable intervals between feedings, we employed a linear mixed model framework. 21 In our model, the independent variables were age in weeks, group status (preterm vs full-term), and the interaction between age in weeks and group status. The dependent or outcome variables included all seven factors plus total number of sucks Table 2 ). The eight outcome variables representing feeding skills were analyzed in separate regressions. The primary estimate of interest was the age-by-group interaction term, which represents the difference in the rate of change in feeding skills between the two groups. We included random intercept and slope terms to allow for different starting skill levels and rates of change for each infant. Because we used a subset of tests to extract our factors, we also allowed for differential The loading value roughly represents the correlation between the component variable and the underlying factor it partly measures (the loading value is not exactly a correlation in our case because of the oblique promax rotation; explained in the "Materials and methods" section). Higher values indicate a close semantic relationship between the variable and the factor, and the component with the largest loading in absolute value can be considered the most prototypical expression of the meaning of the factor among the contributing variables. Note that factor scores for each factor are computed as a linear combination of all the variables that were included in the factor analysis, not just the ones that loaded most heavily on the factor. These variables did not load strongly on any factor but instead showed moderate associations with two or more separate factors. We view their perspective on the feeding performance (especially the suck count variables) as overall summary measures.
c These variables were only used for weighting purposes and did not enter into the factor analysis. 
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Nutritive sucking among preterm and full-term infants longitudinal correlation for the tests that were used in the factor analysis vs those that were not. No other covariate adjustments were made in the models. We visualized estimated feeding trends for preterm and full-term infants by plotting the predicted trends for each group on the same graph ( Figure 5 ). To further illustrate the age-by-group interaction results, we tabulated the average percent change in feeding skills per week for each group (Table 5) . As each of the factors is measured on a different index scale, the age-by-group interactions are best viewed in terms of percent change per week of PMA. The resulting ratios are unitless and, therefore, directly comparable across factors.
Results
The demographic characteristics of the subjects are presented in Table 3 . Mothers' mean age at delivery in both groups was in the mid-to-late 20s. Mean gestational age at birth in the preterm group was 33.4 weeks and mean gestational age at birth in the full-term group was 39.3 weeks. Mean PMA at baseline in the preterm group was 36.0 weeks and in the full-term group was 42.3 weeks. Only 6% of the full-term infants were non-singleton, whereas the rate was 27% in the preterm infants. The male-to-female percentages were 62:38 for the preterm group and 53:47 for the full-term group. Vaginal deliveries were 45% in the preterm group and 71% in the full-term group. 
# sucks / 300s
Suck vigor (factor1)
Predicted linear age trends Forty-six preterm and 56 full-term infants had more than one feeding session as shown in Table 4 . Infants provided multiple tests over variable time intervals, spanning a range of 22 and 17 weeks for preterm and full-term infants, respectively. PMA at initial test ranged from 33.1 to 56.0 weeks for preterm infants and 37.6 to 62.0 weeks for full-term infants. A Poisson test for trend in the test counts was performed on the number of feedings contributed by preterm vs full-term infants, accounting for the length of observation in weeks. No large differences by group were observed (P=0. 19) .
Predictions obtained from the linear models were plotted alongside observed values for each test, and features were compared across the preterm and full-term groups ( Figure 5 ). For the number of sucks and some of the factors, we observed strong group-wise differences, either in the rate of change 
Notes: Forty-six preterm and 56 full-term infants had more than one test. These numbers diminished as the number of additional tests increased.
with age (sucks, suck vigor, and resting) or as constant group differences that did not diminish appreciably with age (endurance). Other factors showed more modest differences (frequency and variability) or in some cases no apparent differences at all (irregularity and bursting). Based on these data, preterm infants take fewer sucks over the same time frame (about 15% fewer per test on average between 37 and 40 weeks PMA, P=0.06) and have generally weaker suck vigor, indulge in more resting, and exhibit less endurance. For responses that showed significant differences in percent changes over time (Table 5) , we observed that preterm infants tended to catch up to full-term infants in terms of feeding skills as they more closely approached a PMA of 40 weeks ( Figure 6 ). Table 5 presents the percent changes in mean suck counts and factor scores for preterm and full-term infants. In this table, we see that both groups increase average suck counts each week, but the preterm group does so at approximately three times the rate of the full-term group (8.6% vs 3.0%). Suck vigor and resting showed large percent changes for preterm infants compared to flat performance for full-term infants, and the other factors show mostly negligible increases or decreases that are 
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Nutritive sucking among preterm and full-term infants roughly the same magnitude in both groups. However, even at the 40-week mark, when the responses for preterm infants were becoming more similar to those for full-term infants on average, preterm feeding skills had a higher degree of variability in all responses evidenced by confidence intervals that we observed to be two or three times wider for the preterm group (data not shown). At 40 weeks PMA (the mean age in the data), some differences remained between preterm and full-term infants (Table 6 ). Most notable were the endurance difference (15% less for preterm infants at week 40), frequency difference (5.3% less in preterm infants), and variability difference (9.7% less in preterm infants), which appear to be more persistent across time, suggesting that the rate of maturation for these factors is slow. In contrast, the suck vigor and resting differences, while nominally large at 40 weeks, diminished within a couple of weeks ( Figure 5 ).
Discussion
Emerging evidence suggests that quantifying neonatal feeding using a noninvasive device and an automated analytic system is an objective and potentially clinically applicable method. [12] [13] [14] In this paper, we present data on the sucking skills of 199 preterm and full-term infants derived from the Orometer and an automated suck analysis application. Using Figure 6 Linear model of age trend. Notes: An example of how the preterm profile "catches up" to the full-term profile. Note that the linear fit for preterm infants is increasingly poor as PMA increases, because the rapid maturation rate seen in the newborn preterm infants slows down as they gradually become more normal in their feeding behavior. Abbreviation: wks, weeks. sophisticated statistical methods, we provide meaningful summarization of the metrics produced by the Orometer into a small number of potentially clinically relevant factors and show clear evidence of feeding maturation that are associated with gestational age. Factor analysis was our primary means of accomplishing the goal of summarizing the Orometer output. The seven factors indicated in our data set -suck vigor, endurance, resting, irregularity, frequency, variability, and bursting (Tables 1 and  2 ) -reflect the feeding skills. As expected, not all of the >40 metrics produced by the Orometer were equally informative in determining the final seven factors. Notably, suck count 22 five stages of feeding maturation, where the most immature feeders have no suction, we found preterm infants had increased average suck counts at each week by approximately three times the rate of term infants. Thus, we considered suck count to be an overall summary statistic for the test rather than a driver of covariance and placed more importance on describing qualitative aspects of sucks (eg, how variable and vigorous they are) and how sucks are distributed through time (eg, as long or short bursts, with long or short pauses between bursts). For example, suck vigor is determined by quantifying the shape of the suck (Table 2 ; Figure 4) ; it rose more steeply among premature infants through term PMA than other factors ( Figure 5 ), suggesting that features of the suck shape may serve as an important marker of infant feeding maturation.
Our sample of otherwise healthy preterm infants, ranging from 25.3 to 36.5 gestational weeks at birth, did not differ significantly from healthy infants born at term by most factors analyzed per week or at 40 weeks PMA (Tables 5  and 6 ). These results are consistent with other reports of sucking behavior among healthy preterm infants at low risk for developmental delays and full-term infants. 13, 14, 23 While mean factor scores are broadly similar among preterm and full-term infants at 40 weeks, preterm infants had more variability in feeding trends with confidence intervals for percent changes that are two or three times wider than those of full-term infants, despite having similar test counts. Variability is an important component of human movement, and differences in movement variability have been studied in relation to abnormal developmental delays. 24 Differences in variability of sucking metrics among infants born at earlier and later gestational ages who were tested at similar PMA have also been reported. 14, 25 A weakness in our design was not grouping infants by developmental outcome risk. Our preterm infants ranged widely in gestational age at birth (~11 weeks), and although we excluded major comorbidities, there is likely some heterogeneity in risk for developmental delay among our samples. The average PMA at initial test session for preterm infants was 36.0 weeks (1.9 SD). The inclusion of more data from younger preterm infants grouped by developmental risk would have enhanced our understanding of their feeding maturation and whether variation of feeding trends was the same for low-and high-risk infants. Additionally, the inclusion of long-term developmental outcomes would corroborate the interpretations of the feeding skills outlined here.
Oral feeding is, of course, far more complex than is presented here; we have not measured every possible component. For example, our device measures intraoral pressure changes during nutritive sucking, but oral feeding involves the coordination of three rhythmic motor skills: sucking, swallowing, and breathing. 26 Some investigators have shown that measures of swallowing and respiration reflect an infant's feeding abilities. 9 Mizuno et al 27 reported differences in apneic episodes and the number of swallows between infants with and without lung disease, and Gewolb and Vice 28 showed that the coordination of swallow and respiration occur later than the coordination of suck among preterm infants. However, insightful additional sensors measuring swallowing movements and respiration are an added burden to neonates already inundated with clinical care equipment. The incorporation of the monitoring that occurs as part of routine care into quantification and data analytic systems is a practical approach for future studies.
Conclusion
We found that feeding skills among healthy preterm and full-term infants can be measured through simple negative pressure changes using a noninvasive method. Using linear modeling, we were able to show that feeding trends were different among healthy preterm and full-term infants suggesting differences in maturation between the groups. Three features of our investigation and the Orometer system include: 1) a relatively simple and well-established mechanical design measuring intraoral negative pressure; 2) an automated suck analysis software with limited user intervention; and 3) incorporation of factor analysis and waveform analysis allowing for a more dynamic, interpretable, and rigorous evaluation of the qualitative features of nutritive sucking (eg, suck vigor). Furthermore, our results substantiate those recently reported by investigators using similar systems. 13, 14 Follow-up investigations are underway to replicate our findings utilizing similar methods among a larger group of preterm and full-term infants with varying morbidities and followed longitudinally. The long-term goal is to develop feeding maturation trajectories for preterm infants that are useful for clinical determination of normal and abnormal maturation.
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